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I N T R O D U C T I O N
It appears that in all cells the various intracellular folate cofactors are attached to a number of glutamyl residues (Houlihan & Scott, 1972; Brown, Davidson & Scott, 1973; Brown et al., 1974) and that many cells contain more than a single polyglutamyl chain length. In fact, of the intracellular folates examined to date only yeast (Pfiffner et al., 1946) , Clostridia (Curthoys, Scott & Rabinowitz, 1972) and T-even phages (Kozloff & Lute, 1973) have single polyglutamyl forms and in the T-even phages the polyglutamates have a structural rather than a coenzyme role.
To ascertain if yeast synthesizes only the heptaglutamate for the entire growth cycle of the cell, we have re-examined folate polyglutamyl biosynthesis in yeast, using a technique which separates the various polyglutamyl derivatives on previously calibrated ion-exchange columns, after the folates have been cleaved chemically to their corresponding p-aminobenzoylpolyglutamyl (p-ABGlu) derivatives (Houlihan [& Scott, 1972) . We found three distinct polyglutamates (the hexa-, hepta-and octo-) throughout the growth cycle; previous reports that only the heptaglutamate is found in yeast appear to be incorrect.
M E T H O D S
Chemicals. Diethylaminoethyl cellulose (Whatman DE52) was purchased from Ward R. Balston Ltd, Maidstone, Kent, Triton X-100 from Koch Light, and the scintillation chemicals 2,5-diphenyloxazole (PPO) and 2,~'-phenylen-bis-(~-methyl-phenyloxazol) (POPOP) from Intertechnique Ltd, Sussex.
Radiochemicals. p-Amin~-[~~COOH]benzoate (52 mCi mmol-l) was supplied by Schwartz Mann, Orangeburg, New York, U.S.A. 3'5'9-(n)-[3H]pteroylglutamate (I 5 Ci mmol-l) and pteroylheptaglutamate (PteGlu,) in which the terminal glutamic acid was labelled UJ4C ( I '2 mCi mmol-l) were supplied by the Radiochemical Centre, Amersham, Buckinghamshire.
Radiochemical methods. Radioactivities were determined using a Packard Tri-Carb liquid scintillation spectrometer model 3375. Toluene + Triton X-IOO (2: I w/w) was used with a ratio of I part sample to 10 parts scintillation fluid (Turner, 1969) .
Organisms. Four p-aminobenzoate (p-AB)-requiring strains of Succharomyces cerevisiae were supplied from the culture collection of Arthur Guinness and Son, Dublin, and were designated by them as 1167, 1185, 1288 and 1289.
Media. The yeasts were maintained as slopes of sabouraud dextrose agar supplied by Oxoid. Yeast extract was from Difco. All other constituents were Analar-grade reagents supplied by BDH. Three stock salt solutions, A, B and C, were used. Solution A contained (gl-l): KH2P04, 4.0 ; K,HPO,, 0.5 ; (N H,),SO,, I I -5 ; NaCl, o-I ; MgSO, .7H,O, 0.5 ; CaCl, . 2H20,
The final medium consisted of I 1 solution A plus 5 ml solution B and I ml solution C ; to this was added I ~9 8 g glucose and 0.25 g yeast extract.
Culture conditions. Inocula were prepared by transfer of a loop of yeast cells from an agar slope to a test tube containing 5 ml of the above medium. After growth at 28 "C for 24 h this 5 ml culture was used to inoculate 200 ml medium in a 500 ml Erlenmeyer flask. For the extraction experiments the cells were grown with 25 nCi of [14C]p-AB/ml, giving a concentration of exogenousp-AB of 65.9 ng ml-l. Similar concentrations were used in the distribution experiments where [14C]p-AB was used for incorporation studies. The cells were grown in shaken culture at 28 "C and, unless otherwise stated, for 48 h. After the appropriate time, I o ml of culture was removed. The yeast was harvested by centrifugation, washed once with 20 ml of distilled water and extracted (see Results). The extract was diluted to IOO ml with distilled water and applied to the columns.
Oxidation of the extructed folates. The extracted folates were oxidized to the corresponding aminobenzoyl-y-L-glutamates by the addition of 4 ml of 2-0 (w/v) KMnO,/ro ml extract (Houlihan & Scott, 1972) . The mixture was adjusted to pH 8.5 with 1-0 M-tris base. The resulting suspension was kept at room temperature with occasional shaking for 25 min, after which the pH was adjusted to 4.0 with I M-HCl. The precipitate was removed by filtration through glass wool and the pH of the filtrate re-adjusted to pH 7.0 with 1-0 M-tris base. The filtrate was diluted to IOO ml with distilled water which always gave a conductivity of less than 3 m!W cm-l.
C/zro~zzatogrup/?y. The oxidized extract was chromatographed on 20 x 0.7 cm glass columns containing DEAE-cellulose (Whatman DE52) which had previously been equilibrated with 5 mM-tris-HC1 buffer pH 7.0. To each column, 100 ml extract was applied and elution was effected with the non-linear gradient described in Fig. I . The flow was 10 to 15 ml h-l at 20 "C and 6.0 ml fractions were collected. Columns were previously calibrated with paminobenzoylpolyglutamates (p-ABGlu,.-,) prepared in this laboratory (Houlihan & Scott, 1972) .
R E S U L T S
All four strains of S. cerevisiae grew vigorously on a completely defined medium only when supplemented with 0.025 % yeast extract. Since no increase in growth was observed upon the addition of p-AB it can be assumed that the yeast extract has sufficient p-AB to support optimum growth under the conditions used. However, from the radioactive uptake studies reported in this paper the amount of endogenous p-AB or other growth factors available in the yeast extract was clearly so small as not to stop accumulation by the organism of the small quantity of radioactive p-AB added. All four strains, growing in the exponential phase when transferred to fresh medrum containing 65-9 ng ml-l of radioactive [14C]p-AB, removed more than 80 % of the label from the medium during 18 h growth. Several methods of extraction of the incorporated folate were examined and it was found that the following procedure usually gave almost total recovery of the incorporated label (70 to 100 x). Wet cells (0.25 g) were suspended evenly in 25 ml distilled water and lyophilized overnight. The dry cells were suspended in 10 ml toluene and kept at 40 "C for 12 h. To this suspension IOO ml of a I % (w/v) potassium ascorbate solution pH 7.0 was added.
After shaking and standing, the aqueous layer was centrifuged and the supernatant containing the extracted folates was removed. After extraction, the incorporated label must have been in an intact folate polyglutamate, because all of the radioactivity eluted late on Whatman DE52 and, after conjugase treatment, only this area was active for microbiological assay with Luctobacillus cusc~i. Permanganate oxidation resulted in earlier elution from the column, primarily as a p-aminobenzoylheptaglutamate with one larger and one smaller derivative also present (Fig. 1) . The identity of the main derivative was established by rechromatographing it with authentic [14C]p-ABGlu, chemically prepared from [14C]PteGlu, by permanganate oxidation. The peak eluting before this was estimated to be p-ABGlu, from the known elution position of non-radioactive standards on this chromatographic system (Brown et al., I 974) . The peak eluting immediately after the main heptaglutamate peak was assumed to be the octaglutamate, although no standards were available to determine exactly where this derivative would elute.
of the folate present with hexa-(12 to 16 %) and octo-(10 to 13 %) folate polyglutamates representing the remainder, was consistently found throughout the growth cycle of the organism, in samples taken on six occasions from 15; to 48 h. No other folate polyglutamate was measureable in these experiments or in yeast cells that had entered the stationary phase. This pattern was consistent upon repetition on numerous occasions. Since the presence of a radioactive marker (Fig. I ) makes accurate estimations of the peaks difficult these percentages were calculated for columns calibrated with non-radioactive markers.
This pattern, where folate heptaglutamate constituted 67 to 71
The strains of yeast used incorporated p-AB very well and formed it into long-chain folate polyglutamates of 6, 7 and 8 glutamyl residues (Fig. I) . Small amounts, up to 10 %, of radioactive p-AB were sometimes found after extraction. This could be because of a small pool of this precursor existing within the cell, or incomplete removal of the original medium during the washing procedure before extraction. The folate biosynthetic process thus rapidly elongates any newly-incorporated p-AB to a long-chain polyglutamate with no intermediate shorter-chain compounds accumulating. Little definitive information is available on the control of folate polyglutamate biosynthesis or the role of these additional glusamyl residues. On the basis of permeability studies in bacteria (McElwee & Scott, 1973) and human marrow cells (Hoffbrand et al., 1g73) , it might be suggested that these biosynthetic processes are involved in storage of the vitamin simply by making its exit from the cell impossible. However, the complexity of the forms involved argues against such a role.
Folate or p-arninobenzoylpolyglutamates are difficult to synthesize chemically (Krumdieck & Baugh, 1969) . Their general lack of availability as markers for the co-chromatography used in the identification of folate polyglutamates from different sources, has limited research in this area to a small number of laboratories. Using the p-AB-requiring mutants described in this study, markers ideal for such chromatographic separation are easily available at high specific activity in high yield. The fact that three polyglutarnates are isolated is an advantage since this serves to monitor the separation achieved.
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